Introduction
Rice production under conventional flooded conditions has been associated with both environmental and health risks, such as pesticide contamination of soil and water. The use of organic residues http://dx.doi.org/10.1016/j.jhazmat.2014. 10 .052 0304-3894/© 2014 Elsevier B.V. All rights reserved.
as soil amendments increases the content of soil organic matter (SOM) and thus, improves not only their physical and chemical properties, but also the adsorption of pesticides [1] [2] [3] . Due to the need to reduce greenhouse gas emissions and its potential for carbon sequestration [4, 5] , biochar has been suggested as a soil amendment [6] [7] [8] . These residues, generated by pyrolysis, are expected to be biochemically highly recalcitrant but greatly heterogeneous in their chemical composition and physical properties [9, 10] . Recently, the characterization of biochars for their use as soil amendment has been an important research focus [11] [12] [13] . Biochar has been reported to enhance plant nutrient levels [14, 15] , to improve soil water retention [16] and to augment microbial activity [17] . Reduced leaching of pesticides by adsorption to biochars has also been reported [18] [19] [20] . Surface properties and the physical and chemical structure of biochars are largely controlled by pyrolysis conditions and feedstock, as it has been shown in numerous publications [21, 22] . Sorption of organic pesticides to biochar exceeds that to humic acid and SOM [23, 24] . Consequently, soil amendment with biochar can have both a positive and a negative effect on pesticide behavior. When sorption is increased, leaching is decreased, minimizing the risk of drainage water contamination [25] . Biochar can significantly contribute to the sorption and sequestration of organic contaminants such as, pesticides in soil due to its special physicochemical properties, as it has been previously described for other fungicides [26] .
Tricyclazole is a systemic fungicide, widely used in rice production under paddy field conditions, effective against Pyricularia oryzae and other fungus. The recommended dose of application is 0.3 Kg Ha −1 and crop cycle. The potential environmental risk of this pesticide is high because of its extended persistence in the soil-water system [27, 28] . Its half-life goes from 4 to 17 months in laboratory assays, and approximately 6 months in the field [29] . Also, it does not readily hydrolyze in the environment and it is stable at 51 • C without volatilization. Among the toxic effects of tricyclazole was described its strong interaction with the ␤-cyclodextrin and human serum albumin [30] , reacting by inclusion and forming a new compound. Substance accumulation, in the human body, is likely and may cause some concern following repeated or long-term occupational exposure. Tricyclazole has been included in the US-Maine chemicals of high concern list as carcinogen [WR1]. 1 Long term exposure to high dust concentrations may cause changes in lung function, i.e., pneumoconiosis; caused by particles less than 0.5 micron penetrating and remaining in the lung. The sorption capacity of several biochars was studied in order to select the most suitable for the retention of tricyclazole in a water saturated soil. In addition, we tested the possible application of a combined amendment based on a mixture of biochar and alperujo compost, both of them produced from an agro residue of the olive oil industry (alperujo).
Materials and methods

Soil, amendments, and fungicide
The alluvial soil (ALU) used in this work, classified as a Fluvisol [31] (Xerofluvent), was collected in the Guadalquivir river valley from the research station La Hampa (37 • 17 30 N-06 • 04 50 W), Coria del Río, Spain. Soil was transported to the laboratory and stored at 4 • C until experiments were carried out. Alperujo, which is the residue of olive oil production, was composted with straw and sheep manure. This alperujo compost (AC) was produced in the research station IFAPA-Centro Venta del Llano, Jaén (Spain) 1 [WR1] http://datasheets.scbt.com/sc-237282pdf.
Table 1
Feedstock and processes used to produce the studied biochars.
Feedstock and temperature of production Abbreviation Code
Alperujo compost, 400
• C, 2 h BAC 400 B1 Rice hull (RH), 400
• C, 2 h BRH 400 B2 Alperujo compost + RH (50:50), 400
• C, 2 h BAC + BRH 400 B3 Alperujo compost, 550
• C, 2 h BAC 550 B4 Alperujo compost, 700
• C, 2 h BAC 700 B5 Hardwood sawdust (HS), 500
• C BHS B6 Wood pellet (WP), 700
• C BWP B7
in 2013. Biochars were prepared from different feedstock with a thermal decomposition process at various temperatures under oxygen-limited conditions. To obtain the biochars, the feedstock was placed in ceramic crucibles fitted with a tight-fitting ceramic lid, and then put into an electric furnace (muffler) at the target temperature. The product was ground to a size of less than 0.2 mm. Feedstock and pyrolysis conditions are described in Table 1 . Analytical grade tricyclazole (≥97% purity) was supplied by Dr. Ehrenstorfer GmbH (Augsburg, Germany). Its water solubility was 596 mg L −1 (20 • C), its GUS (groundwater ubiquity score) leaching potential index was 4.89, and molecular mass 189.24 g mol −1 [29] . With this compound we prepared the initial pesticide solutions, which were used as external standards for the pesticide analysis and to carry out all the experimental assays.
Physical and chemical analysis of soil and amendments
The soil texture, determined by sedimentation using the pipette method [32, 33] revealed a relative contribution of sand, silt, and clay of 19.8%, 43.7%, and 36.4%, respectively. The organic matter content was determined according to Walkley and Black [34] and the total nitrogen by the Kjeldahl [35] method. Soil pH and electrical conductivity were measured in a 1:2.5(w/v) soil/deionized water mixture. Physical and chemical properties of the soil, the amended soil are shown in Table 2 . The elemental composition (C, H, and N) of the biochars was analyzed by a high-temperature combustion method (Elementar Vario EL, Hanau, Germany). Major cations and CEC were assessed by exchange with 1 M ammonium acetate. Their pH and electrical conductivity were measured in a 1:5(w/v) biochar/deionized water mixture. Dissolved organic carbon (DOC) and dissolved organic nitrogen (DON) from the biochars were obtained by aqueous extraction with calcium chloride (5 mM) and determined with a total organic carbon analyzer (TOC-V CPH , Shimadzu, Kyoto, Japan) connected to a nitrogen unit. All the physical and chemical data obtained from the biochars analysis are presented in Table 3 .
Functional and molecular characterization of biochars
The specific surface area (SSA) of the biochars was determined by nitrogen surface adsorption at 77.35 K in an ASAP 2420 system (Micromeritics). Isotherms were interpreted by the Brunauer-Emmett-Teller (BET) equation [36] . The FT-IR spectra were recorded in the 650-4500 cm −1 region using a Jasco FT-IR-6300 spectrometer (Fig. S1, Appendix A) . The FT-IR spectral peak assignments were interpreted based on characteristic vibrations previously studied for biochars from different feedstock [37, 38] . The biochars coating morphologies were observed by using scanning electron microscopy (SEM, Philips XL 30). Biochar samples were previously sputtered with gold in order to improve their conductivity. Solid-state cross-polarization (CP) magic angle spinning (MAS) 13 C NMR spectra of all biochar samples were obtained with a Bruker Advance III NMR spectrometer operating at a 13 C frequency of 150.91 MHz and a magic-angle-spinning rate of 15 kHz. Between 1600 and 14,000 single scans were accumulated with a pulse delay of 300 ms. The 13 C NMR spectra obtained are shown in Fig. 1 . A ramped 1 H pulse was used during the contact time of 1 ms to circumvent spin modulation during the Hartmann-Hahn contact. The 13 C chemical shifts were calibrated relative to tetramethylsilane Table 5 NMR data under consideration of spinning side bands. Polarity index is also given. AC (alperujo compost), B1 (BAC 400), B2 (BRH 400), B3 (BAC + BRH 400), B4 (BAC 550), and B6 (BHS). Table 6 Tricyclazole adsorption-desorption coefficients
) and the hysteresis coefficient (H = ŋ f ads/ŋ f des). ALU (alluvial soil), AC (alperujo compost), and B4 (BAC 550). (0 ppm) with glycine (COOH at 176.08 ppm). The resonance frequencies are given in Table 4 . Using MestreNova 9.0 (Mestrelab Research S.L., Santiago de Compostela, Spain) the contributions of the various C groups to the total C were determined by integration of their signal intensity in the respective chemical shift regions (Table 5 ) under consideration of spinning side band disturbance according to Knicker et al. [39] Based on the chemical shift differences, the relative intensities were used to calculate the polarity (R) ( Table 5) , which represents the ratio of polar and non-polar groups [40] : R = (Icarboxy C + Ialky C + IO-ary C)/(IC/H-arylC + Ialky C) Prior to the NMR analysis, the biochar samples were pretreated with hydrochloric acid (HCl) to reduce contributions of paramagnetic components. Therefore, three sets of 2.5 g of each biochar were mixed with 60 ml of 2 M HCl and shaken for 2 h at room temperature. After centrifugation for 10 min at 8000 rpm, the solution was discarded. After repeating the extraction with HCl, the solid residues were washed twice with distilled water and finally ovendried at 70 • C to a constant weight.
Fungicide-biochars sorption assays
Tricyclazole adsorption to biochars was studied using a batch technique with fixed sorbent amount (5 mg L −1 ), in a ratio 0.1:20 (biochar:solution). Based on our preliminary experiments, the sorbent's dosages were adjusted to allow for 20-90% of the added pesticide to be adsorbed at equilibrium. Pesticide solution was prepared with 5 mM CaCl 2 . According to our preliminary sorption rate and equilibrium studies, it was determined that equilibrium was reached after 16-18 h of biochar-solution contact, and that no measurable degradation occurred during this period. The uptake to the glass walls of centrifuge tubes was negligible. The amount of fungicide adsorbed to the biochars was calculated from the difference between the initial (C i ) and the equilibrium (C e ) solution concentrations.
Adsorption and desorption of tricyclazole to amended and non-amended soils
Air-dried ALU soil was amended with AC, B4 or a mixture of both: AC (1%) + B4 (1%) at a rate of 2%(w/w). Adsorption isotherms on amended and non-amended soils were measured using a batch equilibration method. Duplicate samples (2.5 g) of unamended and 2%(w/w) amended soils (with AC or B4) were treated with 5 ml of tricyclazole solution with initial concentrations (C i ) ranging from 1.0 to 20 mg L −1 . Pesticide solutions were prepared in 5 mM CaCl 2 . Suspensions were shaken at 20 ± 2 • C for 24 h and centrifuged at 8000 rpm for 10 min. Previously, it was determined that equilibrium was reached in less than 24 h and that no measurable degradation occurred during this period. Supernatants were filtered and C e values were determined by HPLC. Desorption was accomplished after adsorption using the highest C i (40 mg L −1 ) by replacing half of the supernatant with 5 mM CaCl 2 . This cycle was repeated three times for each sample. Adsorption and desorption isotherms were fitted to the Freundlich equation and the constants K f and ŋ f , which indicate the adsorption capacity (evaluated at C e = 1 mg L −1 ) and the adsorption intensities respectively, were calculated. The distribution coefficient (K d ) was calculated as the ratio between the amount of pesticide adsorbed at 5 mg L −1 (C s5 ) and C e , which falls within the range of pesticide concentrations studied. Tricyclazole adsorption-desorption coefficients are presented in Table 6 .
Fungicide extraction and analysis
The concentrations of tricyclazole were determined using a waters 600 E chromatograph coupled to a waters 996 diodearray detector (DAD). The column used was a Nova-Pack C18, 150 × 3.9 mm. Isocratic elution was performed at a flow rate of 1.0 ml/min using the mobile phase of acetonitrile:water (20%:80%). The injection volume was 25 L for all analysis. Under the used HPLC conditions tricyclazole showed a single peak at the retention time of 6.5 min. Tricyclazole was extracted from soils with methanol and recoveries were close to 100% in all the assays.
External calibration curves were obtained analyzing standard solutions in ultrapure water and acetonitrile at concentrations ranging from 0.05 to 20 mg L −1 depending on the analysis. A very high linearity (P value < 0.0001) was always obtained. Quantification was based on chromatographic peak areas. Limits of detection and quantification were assessed observing the signal to noise ratio 
Results and discussion
Elemental composition and physical properties
Physical and chemical properties of the soil, the AC and the soil amended with AC and/or B4 are presented in Table 2 . The amendments increased organic matter (OM) contents of the soil, its pH, and its electrical conductivity. The elemental composition of the biochars, atomic ratios (C/N and C/H), physical and chemical properties, and specific surface area are presented in Table 3 . Considerable variations of these parameters were observed between biochars due to differences of the feedstock and pyrolysis conditions. The temperature during heating is generally recognized to be the factor which affects most the properties of biochar [41, 42] . This is clearly evidenced by comparing biochars of the same feedstock but produced at different temperature (B1, B4, and B5). The BET surface areas of biochars are generally increased with longer residence times and higher temperatures during their production [13] . Comparing B1, B4, and B5, an increase of the SSA of the biochar with increasing temperature is revealed, and has been attributed to the formation of micropores [43] . In addition, a reduction of the SSA of biochars is observed with increasing contents of DOC (Table 3) . A similar phenomenon was observed during the sorption of humic substances to char [44] . The model proposed by these authors assumes that humic substances are restricted to the external surface of char where they act as pore blocking agents or competitive adsorbates, depending on the temperature and adsorbate size. Wen et al. [45] also reported that the coating process of biochars with natural organic matter reduced the SSA of biochars and increased the polarity and aliphaticity. The low BET specific surface area observed in the rice straw biochar (0.79 m 2 g −1 ) has been related to its high content of inorganic minerals, which hindered the development of porous C structure [46] . In contrast to black carbon and other plant-derived biochars, wood, and straw charcoals have relatively low surface areas [47] . When we compare B6 and B7, from wood feedstock, we also find higher SSA at higher heat treatment temperature (HTT).
The pH of biochar in solution is generally correlated with the pyrolysis temperature. With higher process intensity, the amount of carboxyl groups in the resulting biochar is reduced and/or the acidic groups are de-protonated to the conjugate bases [42] resulting in a more alkaline pH of the biochar in suspension. Abe et al. [48] indicated that beyond 300 • C, the C starts to volatilize, leading the accumulation of ashes and alkali salts which increases the biochar pH to values above 10. This is in good agreement with the pH values measured for the different biochars studied here: 8.26 (for B1, produced at 400 • C); 10.30 (for B7, produced at >500 • C); 11.10 (for B4, produced at 550 • C); 11.61 (for B5, produced at 700 • C). In addition, the reduction observed in the cation exchange capacity (CEC), was inversely correlated with the HTT of biochar production, as it has been reported previously [12, 49] .
For the biochars derived from AC, ash contents were high (731-617 mg g −1 ) and carbon contents were low (around 223 mg g −1 ). Much lower ash values (around 122 mg g −1 ) were obtained for the wood biochars, which also showed the highest carbon contents (699-783 mg g −1 ). The rice hull biochar has an intermediate contribution of ash (285 mg g −1 ). Elevated ash contents in the sample in general increases solution pH [42] . However, we have not observed this for all biochars. Among the studied biochars, those derived from wood showed the highest C/N ratio. On the other side, B4, B5, and B7 presented the highest C/H ratio, thereby indicating a higher aromaticity and condensation as result of the higher temperatures used during their production [50, 51] .
13 C NMR spectroscopy
The solid-state 13 C NMR spectra of AC and the used biochars are compared in Fig. 1 . Their intensity distribution is given in Table 4 . The well resolved spectrum of AC reveals its major intensity in the chemical shift region of O-alkyl C (110-60 ppm) with typical signals of cellulose. The peak at 56 ppm is most tentatively derived from methoxyl C of lignin but can also embrace signals derived from N-alkyl C of peptides. In the chemical shift region of alkyl C (45-0 ppm) the signal at 38 ppm is assignable either to cross linked alkyl C or alkyl C in close vicinity to carboxylic C. The latter results are in resonance lines between 185 and 160 ppm. The signals at 30 and 25 ppm are typical for methylene C. Only low intensity is observed in the aryl-C region (160-110 ppm) but the clear signals at 153 and 148 ppm in the O/N-aryl-C region (160-140 ppm) confirm the presence of lignin.
As indicated by the spectrum of B4, charring of AC at 550 • C turned the feedstock into a highly aromatic material. However, the shoulder between 140 and 160 ppm contributing with approximately 12% to the total 13 C intensity reveals that some aryl C have been oxidized. Such structures are expected to be formed during charring of carbohydrates. With the enhanced aromaticity, the polarity index R decreased from 2.6 to 0.3 (Table 5) which is associated to an improved adsorption of hydrophobic compounds. Pyrolyzing AC at 700 • C resulted in a material (B5) which could not be analyzed by solid-state 13 C NMR spectroscopy because the irradiation pulse was reflected, assumed to be due to the higher aromatic character [52] . The same was true for B7, produced from wood at a temperature of 700 • C. Lowering the temperature to 500 • C (B6) was sufficient to allow the acquisition of a solid-state 13 C NMR spectrum with its main intensity in the C/H-aryl C region. Some intensity is still visible in the O-alkyl-C region which is explained with the presence of either protected carbohydrates or carbons in ether bonds. However, in spite of those C groups the polarity index R is 0.4. Such a low value was also observed for B3, which according to its 13 C NMR spectrum contains a considerable amount of alkyl C. Such spectra are commonly obtained from charcoal derived from N-rich feedstock [53] . Pyrolyzing rice hulls alone at a temperature of 400 • C yielded in a biochar with a spectrum showing aside from the high intensities in the aryl C and alkyl C regions resonance lines assignable to O-alkyl C. Its R was calculated to be 0.6 and its pattern resembles more that of the spectrum of B1 than that of B3. Here one has to bear in mind that cellulosic material is more efficiently combusted than peptides [53] . For the compost-rice hull mixture this would yield in a biochar which is determined by more difficult to pyrolyze peptide-like constituents. This assumption is supported by the C/N ratios, which is fairly low for B3, but much higher for B2.
FT-IR spectroscopy
The FT-IR spectra of the biochar samples are given in the Fig.  S1 of the Appendix A (Supplementary data). Clear distinctions can be made between the different feedstock and pyrolysis process intensity. Comparing the FT-IR spectra of the biochars derived from AC and obtained at different temperatures (400, 550, and 700 • C), a reduction of the peak intensity of 1070 cm −1 (characteristic of C O stretching of carbohydrate-like substances) and 1470 cm −1 (attributed to C O of phenolic, carboxylic, and alcohol groups) can be observed [45, 54] . This reduction is well correlated with the increased pH and CEC values measured for these biochars as a function of increasing production temperature. The loss of OH and aliphatic groups favors the formation of fused-ring structures, especially at higher pyrolysis temperatures [49] , which is consistent with the increase in biochar SSA (Table 3 ). The FT-IR spectra of rice hull biochar, produced at 400 • C (B2), exhibit a peak around 1100 cm −1 attributed to the C O C symmetric stretching characteristic of cellulose and hemicellulose [55] . In the infrared spectra of the biochar samples produced from wood sawdust (B6) and wood pellet (B7), the intensity of these peaks is very low. The peak observed around 1700 cm −1 in the FT-IR spectra of the hardwood sawdust biochar (B6) is assigned to the asymmetric C O groups, which are generated mainly by dehydration of biopolymers [46, 56] . Furthermore, decomposition of hemicelluloses during pyrolysis can be linked to the reduction or disappearance of the 1730 and 1230 cm −1 bands, corresponding to acetyl ester groups [57, 58] .
Scanning electron microscopy (SEM)
The microphotographs (Fig. 2) revealed that the structure of biochar retain major characteristics of the physical structure of the original feedstock. Similar results have been reported by others [11, 59] . The SEM images of the biochars showed remarkable differences in the macroporous (approximately 1 m diameter) structure and the amount of organic and inorganic matter coated to the char surface. Brodowsky et al. [60] suggested that the more susceptible zones to interactions with both polar organic compounds and the mineral phase observed by SEM are related to reactive functional groups on the surface of the biochar, which are probably O-containing groups, such as carboxylic or hydroxylic groups.
Specific surface area (SSA) assessments
The SSA measured for the biochars (Table 3) is inversely correlated with the contents of DOC, as it was discussed above. This is in good agreement with the SEM images obtained, revealing large differences both with respect to content and location of the residual adsorbed organic matter. Fig. 2c and d, which correspond with B4 and B5, show that very little organic matter is coated to the char surface, whereas Fig. 2a, b , e, and f (B1, B2, B6, and B7) indicate higher amounts of organic matter coating the surface.
Adsorption and desorption experiments
The adsorption of tricyclazole was previously tested with all the amendments, including the alperujo compost, at the single concentration of 5 ppm. In comparison with AC, the adsorption of tricyclazole on the biochars was always higher, except for the rice hull biochar (Fig. 3) . This has been attributed to its very low SSA (0.79 m 2 g −1 ). The high adsorption values observed are consistent with previous reports on the reaction of xenobiotics with pyrolysis residues derived from natural and anthropogenic sources [61] [62] [63] . The lowest values were detected for the mentioned rice hull biochar (B2) and for the hardwood sawdust biochar (B6), which also has a very low SSA (6.18 m 2 g −1 ). The highest sorption values were observed for B4, B5, and B7 (83.5, 90.3, and 90.7%, respectively). Maximum adsorption of basic pesticides normally occurs at pH levels in the vicinity of the pK a of the compound [64, 65] . However, we observed higher adsorption values in the more alkaline biochar solutions. Therefore, adsorption was mainly related with their high SSA [46, 66] and the lower DOC contents measured for these biochars, minimizing the competition between DOC from the biochar and the organic molecule for sorption sites [67] .
Of the seven biochars assessed, B4, which had similar sorption properties to B5, and was produced at lower HTT, was selected to be compared and mixed with AC in order to evaluate its potential to improve soil properties and reduce the mobility of tricyclazole in paddy soils without affecting its biological activity, i.e., enhancing reversible sorption processes.
The adsorption-desorption isotherms of tricyclazole by the ALU soil with and without amendments (AC, B4, and AC + B4) are shown in Fig. 4 . Sorption data fitted very well to the Freundlich equation, with R 2 values from 0.95 to 1.00 (Table 6 ). Non-linear isotherms are observed due to a Langmuir-type adsorption, characterized by the strong interaction between adsorbent and adsorbate. Similar behavior was described for other triazole fungicides [23] , where the adsorption decreased as the aqueous concentration of pesticide increased. The isotherms exhibit increasing non-linearity with AC, B4, and the mixture amendment, corresponding to the increasing deviation from one of ŋ f values in the Freundlich model (Table 6 ). This suggests a significant solute adsorption on a small amount of a high-surface area material in soil and to specific interactions of tricyclazole with highly reactive sites provided for the organic matter from the amendment, supporting previous results obtained with other amendments and other sorbents [61, 68] . The curvilinear isotherm indicates that the number of available sites for the adsorption turned into a limiting factor at the higher concentrations of tricyclazole. Though the OC content in the soil is usually recognized as the parameter which most affects the adsorption of triazole fungicides [23] , we have to bear in mind the higher adsorption capacity of the exogenous OM of the amended soils, as has been previously reported [69, 70] . This mobile fraction may be responsible of the lowest adsorption value observed in the soil amended with AC. The soil amended with B4 (2% w/w) shows the highest adsorption of tricyclazole over the entire range of the tested solution concentrations, with a medium ŋ f value (0.570) and the highest K f value (25.02) of the adsorption isotherms. This is best explained with the higher SSA of this biochar [24] . No significant relationship between the pH of the suspensions with amended and non-amended soils and the adsorption values were found. Intermediate adsorption values (K fads and K d ) were observed for the soil amended with a mixture of AC and B4. However, the most interesting finding is the much lower hysteresis coefficient value, indicating the higher reversibility of the AC-B4 mixture when compared to AC or B4. These results indicate that under paddy field conditions, soil amended with a mixture of AC and B4 can increase sorption of tricyclazole. This reduces the risk of transport through leaching or runoff without impeding its subsequent release, due to the high reversibility of the process.
Conclusions
This study provides direct experimental evidence of the effectiveness of the selected biochars in the retention of tricyclazole in a water saturated soil. Particular biochar amendments could be beneficial for the remediation of polluted soils or for the prevention of tricyclazole leaching in paddy field conditions, but would also entail a reduction of the efficacy of the applied pesticide. These results also stress the importance of proper screening of biochar characteristics before application. Based on adsorption-desorption data, we recommend the use of a mixture of alperujo compost and biochar produced from the same compost at 550 • C for optimal efficiency of tricyclazole, while minimizing the risk of contamination of superficial and ground-water under flooded conditions.
